Background/objectives Gut microbiome regulates host energy metabolism and adiposity. A recent study identified a genome-wide significant variant in the lactase (LCT) gene that determines gut-microbiome abundance. We investigated whether the LCT variant influenced long-term changes in adiposity among overweight and obese individuals. Subjects/methods We included 583 whites with LCT variant rs4988235 (G allele as Bifidobacterium-abundance-increasing allele) who were randomly assigned to one of four weight-loss diets varying in macronutrient contents. Two-year changes in adiposity measures were assessed according to the LCT genotype and weight-loss diets.
Introduction
Gut microbiome plays a pivotal role in regulating caloric extraction from ingested food and host energy metabolism [1] [2] [3] , which determines body adiposity [3] [4] [5] [6] . Evidence suggests that gut-microbiome abundance is partially determined by host genetic factors [7] [8] [9] . A recent genome-wide study identified a significant variant in lactase (LCT) gene (C/T-13910, rs4988235) that was associated with gut-microbiome Bifidobacterium abundance [9] . Bifidobacterium is a genus within Actinobacteria, and several strains of Bifidobacterium are used as probiotics [10] [11] [12] . LCT gene encodes lactase that is involved in the hydrolysis of common disaccharides lactose into galactose and glucose. It has been shown that the LCT gene is under strong positive selection in response to dietary exposures [13] [14] [15] [16] , and the LCT variant rs4988235 has also been related to lactase persistence in the Europeans [14, 17] .
Epidemiological studies have shown significant associations of the LCT rs4988235 genotype with body mass index (BMI) [18] [19] [20] [21] [22] , waist circumference (WC) [21, 23, 24] and body fat mass [18, 24] . Previous studies also suggest that gut-microbiome Bifidobacterium abundance is closely associated with obesity and visceral adiposity [25, 26] . In the present study, we used the LCT variant as a surrogate genetic marker for the gut-microbiome Bifidobacterium abundance, and we investigated whether the LCT variant might influence longterm changes in adiposity in response to weight-loss dietary intervention. We aimed to examine associations of the LCT rs4988235 genotype and 2-year changes in body fat composition and distribution among overweight and obese individuals in the Preventing Overweight Using Novel Dietary Strategies (POUNDS Lost) trial. We also assessed potential interactions between the LCT genotype and diet interventions in the improvement of adiposity.
Methods

Study participants
The POUNDS Lost is a randomized diet intervention trial in which 811 overweight and obese individuals were assigned to one of four energy-reduced diets varying in macronutrient composition of fat, protein, and carbohydrate to compare their effects on body weight change over 2 years. Two diets were low-fat (20%), and the other two diets were high-fat (40%), and two diets were average-protein (15%), and the other two diets were high-protein (25%), which constituted a 2-by-2 factorial design. The study was conducted from October 2004 through December 2007 at two sites: Harvard T.H. Chan School of Public Health and Brigham and Women's Hospital in Boston, MA, and the Pennington Biomedical Research Center of Louisiana State University System, in Baton Rouge, LA. All participants gave written informed consent. The study was approved by the human subjects committee at each institution and by data and safety monitoring board appointed by the National Heart, Lung, and Blood Institute. More details of this trial such as randomization, blinding, and adherence have been described in detail elsewhere [27] . The study was powered to detect a 1.67-kg weight loss as an effect of the level of protein or fat in the diet over the 2-year period, assuming a withdrawal rate of 40%. Investigators and staff who measured outcomes were unaware of the diet assignment of the participants [27] . For the assessment of body composition, a random sample of~50% of the total study participants were selected to undergo dual-energy X-ray absorptiometry (DEXA) scans for fat mass and lean mass at baseline and after 6 months and 2 years of randomization [28] .
Computed tomography (CT) was performed in 50% of a random sample from those participants who had DEXA scans, resulting in a sample of 25% of the total participants.
In the present study, we included 583 white participants who had data on the LCT variant rs4988235 at the baseline examination. White individuals who remained in the trial and with available data on obesity measurements (body weight, WC, body composition, and fat distribution) were included in our analysis. Black participants were not included in the present study since the LCT variant rs4988235 has been demonstrated to be responsible for lactase persistence in Europeans [13] [14] [15] 17] . Because of a limited number of black participants with data on changes in body composition and body fat distribution, our database did not have sufficient power for the analysis among black participants.
Measurements and selection of the LCT single nucleotide polymorphism (SNP)
Height was measured at the baseline examination, and body weight and WC were assessed at baseline, and 6, 12, 18, and 24 months during the intervention. Body weight was measured by calibrated hospital scales, and WC was measured using a non-stretchable tape measure, 4 cm above the iliac crest. BMI was calculated as weight in kilograms divided by the square of height in meters (kg/m 2 ). The DEXA scan was performed using a Hologic QDR 4500A (Hologic Inc) after an overnight fast; total fat mass, total lean mass, whole body total fat mass %, and trunk fat % were measured at baseline, and at 6 and 24 months during the intervention. CT scan was performed and a series of eight single-slice images were obtained every 10 cm from 2 below and 5 above the fourth and fifth lumbar vertebrae interspaces. These contiguous cross-sectional images were analyzed, and then the total volume was calculated from the individual slices. Total adipose tissue mass, visceral adipose tissue mass, deep subcutaneous adipose tissue mass, and superficial adipose tissue mass within the abdomen were assessed by standard methods at baseline, 6 and 24 months. Dietary intake was assessed in a random sample of 50% of the total participants by a review of 5-day diet records at baseline and by 24-h recall during a telephone interview on three nonconsecutive days at 6 months and at 2 years to assess the adherence to the dietary intervention program. We calculated average daily intake of milk (cow's, fluid, whole or reduced fat) among participants with data on the food records at the baseline examination.
DNA was extracted from the buffy coat fraction of centrifuged blood using the QIAmp Blood Kit (Qiagen, Chatsworth, CA). A total of 799 participants were genotyped for 715,481 SNPs using Illumina Infinium OmniExpress-24 Kit. The genotype success rate was 99%.
After quality control (sample call rate ≥ 95%, SNP call rate ≥ 95%, P > 1.0E-6 for Hardy−Weinberg Equilibrium Test, and minor allele frequency ≥ 0.01), genotyped dataset had 727 samples. Due to the potential population stratification and the limited sample-size of non-European Hispanics (n = 24) and Asians (n = 11), a total of 692 participants (583 whites and 109 blacks) had available data. We used Michigan Imputation Server (https://imputa tionserver.sph.umich.edu/index.html) to impute SNPs on chromosomes 1−22 with 1000G Phase 3 v5 as the reference panel. In the present study, we selected SNP rs4988235 in the LCT locus since the LCT variant rs4988235 has been demonstrated to be responsible for lactase persistence in Europeans [13] [14] [15] 17] . It has been reported that the GG genotype of SNP rs4988235 is associated with adult-type lactose intolerance, and that lactase persistent A allele or genotypes (AA and AG) was associated with elevated BMI, WC, and body fat mass in previous studies [18] [19] [20] [21] [22] [23] . A recent study showed that individuals with the GG genotype of LCT rs4988235 had a higher abundance of gut-microbiome Bifidobacterium abundance compared to those with the GA and AA genotypes [9] . In a previous study, high levels of bifidobacteria were associated with reduced body weight and visceral adiposity [29] .
Statistical analysis
General linear models for continuous variables and χ 2 test for categorical variables were performed for comparison of characteristics at baseline examination across the genotype. Primary outcomes in the present study were changes in body fat composition and body fat distribution during the 2year intervention. General linear models (PROC GLM) were used to assess the genotype effect on the outcomes, and multivariate-adjusted models were performed including age, sex, BMI, and value for respective outcome trait at the baseline examination (model 1). Considering our observation that levels of body weight, blood pressure, and triglycerides were different according to the genotype, we also performed a multivariate-adjusted model including age, sex, body weight, diastolic blood pressure, log-transformed triglycerides, and value for respective outcome trait at the baseline examination (model 2). Additive genetic models were used in the analysis. To test potential gene-diet interactions, a genotype-by-diet product term was included in the models. We used linear mixed models (PROC MIXED) with the variance components structure including time × genotype interaction terms to test the genotype effect on trajectory of changes in the outcomes. Statistical analyses were performed with SAS version 9.3 (SAS Institute). All P values were nominal and two-sided, and a P value < 0.05 was considered statistically significant.
Results
There was no significant difference in age, BMI, WC, body fat composition, and body fat distribution according to the LCT rs4988235 genotype at the baseline examination ( Table 1 ). The genotype distribution did not differ by sex or diet groups. At the baseline examination, having a higher number of the G allele was significantly correlated with lower values of body weight, systolic and diastolic blood pressure in unadjusted model, and also with triglycerides after adjusted for age, sex, and the diet groups. Increasing number of the G allele was significantly associated with lower intake of milk among participants with data on food records at the baseline examination (P = 0.01). There was no significant difference in milk intake according to low-/ high-protein diet groups (mean [ We did not find any significant main effect of the LCT rs4988235 genotype on 2-year changes in body weight, WC, body fat composition, and body fat distribution (P > 0.05 for all the outcomes, data not shown). On the other hand, we found significant interactions between the LCT genotype and dietary protein intake on 2-year changes in whole body total fat mass % (P interaction = 0.03), trunk fat % (P interaction = 0.03), superficial adipose tissue mass (P interaction = 0.005), visceral adipose tissue mass (P interaction = 0.04), and total adipose tissue mass (P interaction = 0.005) after adjusted for age, sex, BMI at the baseline examination, and variable of interest at the baseline examination (model 1 in Table 2 ). We found similarly significant interactions on these outcomes after adjusted for age, sex, body weight, diastolic blood pressure, and log-transformed triglycerides, and variable of interest at baseline in model 2. In response to the highprotein diet, individuals carrying the G allele had a greater reduction of whole body total fat mass % (β [SE] -0.9 Table 2 and Fig. 1 ). Conversely, in response to the low-protein diet intervention, increasing number of the G allele of LCT rs4988235 tended to be associated with less reduction of these outcomes (Fig. 1 ). There were no significant interactions between the genotype and protein intake on changes in body weight and WC. In addition, when we performed a sensitivity analysis among participants with data on dietary intake, we found similar significant interactions between the LCT genotype and protein intake for the outcomes even after adjusted for milk intake (Supplementary Table 1 ). Figure 2 shows trajectories of changes in body fat distribution according to the low-or high-protein diet group and the LCT rs4988235 genotype. In results of our analysis using mixed models, we found significant time × genotype interaction on trajectories of changes in superficial adipose tissue mass (P time × genotype-interaction = 0.008 in low-protein group, panel c; P time × genotype-interaction = 0.03 in high-protein group, panel d) and total adipose tissue mass (P time × genotype-interaction = 0.01 in low-protein group, panel g; P time × genotype-interaction = 0.02 in high-protein group, panel h) showing that the differences of changes in superficial and total adipose tissue mass distribution across the LCT rs4988235 genotype were more evident at 2 years in both diet groups. For example, individuals with the AA genotype in the high-protein diet group showed a larger regain in total adipose tissue mass after 6 months, while those with the AA genotype in the low-protein diet group showed a reduction of total adipose tissue mass over 2 years. There was also significant time × genotype interaction on the trajectory of changes in visceral adipose tissue mass in the high-protein diet group (P time × genotype-interaction = 0.01, panel f). For trajectory of visceral adipose tissue mass, individuals with the GG genotype had a larger reduction over 2 years when assigned to the high-protein diet group, whereas there was less reduction when assigned to the low-protein diet group. For trajectory of changes in body fat composition, the genetic effect on changes in whole body total fat mass % (P time × genotype-interaction = 0.03) and trunk fat % (P time × genotype-interaction = 0.05) was more evident at 2 years in the high-protein group. Data mean (SD), median (25th, 75th), or n (%). † P, unadjusted; ‡ P adjusted for age, sex, and diet group a Data on body composition were available for 321 individuals; n = 109, n = 152, and n = 60 across the three groups (AA, AG, and GG group), respectively b Data on body fat distribution were available for 136 individuals; n = 46, n = 63 and n = 27 across the three groups (AA, AG, and GG group), respectively c Data on dietary intake per day were available for 305 individuals; n = 100, n = 151 and n = 54 across the three groups (AA, AG, and GG group), respectively
Discussion
In the POUNDS Lost trial, we found that 2-year changes in body fat composition and fat distribution in response to diet intervention were significantly modified by gutmicrobiome-related LCT variant among overweight and obese individuals. Participants carrying the G allele of LCT SNP rs4988235 benefited from greater decreases in body fat mass and distribution in response to low-calorie high-protein diet. To the best of our knowledge, this is the first study to show that the gut-microbiome-related LCT genotype influences the long-term regulation of regional adiposity among overweight and obese individuals with high-protein intake during the dietary intervention. Previous evidence has shown significant associations of the LCT variant with obesity [18] [19] [20] [21] [22] [23] , and that the LCT variant determines gut-microbiome Bifidobacterium abundance [9] , which is closely associated with obesity and visceral adiposity [25, 26] . The association of the LCT variant and Bifidobacteria has also been suggested in an earlier study of a small number of participants [30] . Our findings of the significant interactions between the LCT genotype and protein intake on body fat composition and distribution are consistent with previous reports. In a recent GWAS, the LCT genotype was found to be interacted with intake of dairy products, which are rich in protein, on differences in Bifidobacterium abundance [9] . The interactions between the LCT genotype and dairy intakes were also observed on obesity [21] . We also confirmed that participants with the GG (lactose intolerant) genotype had a lower intake of milk as compared with those with other genotypes at the baseline examination. However, regardless of baseline milk intake, we observed the significant interactions between the LCT genotype and dietary protein on long-term changes in adiposity, suggesting that dietary protein intake may play a major role in modulating the genetic effects of the gut microbiome on the regulation of fatness. Several studies of obese individuals reported that weight-loss with high-protein diets improved gut microbial gene richness [31] , colonic health [32] , and composition of gut microbiota [33] , which also support our observations. Our findings are also in line with biological roles of the gut Bifidobacterium in regulating body adiposity [25, 26] . Some strains belonging to genera Bifidobacterium are commonly used as probiotics in human nutrition [10] [11] [12] , and that supplementation of Bifidobacterium ameliorated visceral fat accumulation [34] . Our study used a genetic marker as a surrogate for biomarkers and we did not collect data on gut microbiome. We acknowledge that measuring Bifidobacterium abundance would provide additional evidence and strengthen our conclusion. The direct relationship between and Bifidobacterium abundance and the LCT variant remains to be further investigated. Further research would be needed to examine potential interactions between gut microbiome and protein diet in relation to the improvement of adiposity, as well as to replicate findings of genome-wide analysis whether the LCT variant is associated with the gut-microbiome abundance in various populations.
We found that the gene−diet interactions were mainly on changes in total fat %, trunk fat %, superficial, visceral, and [18, 24] . A randomized clinical trial that investigated an effect of probiotic Bifidobacterium animalis ssp. lactis GCL2505 among overweight and obese individuals showed that participants who received the probiotic strain had significant decreases in visceral fat area, but not subcutaneous fat area or body weight [35] . Taken together, these results suggest that the LCT genotype may particularly affect certain body fat composition such as total fat and trunk fat, and body fat distribution such as total and visceral adipose tissue mass, independent of overall body weight. In addition, our results using the linear mixed models indicated significant genotype−time interaction for changes in total adipose tissue, superficial, adipose tissue, total fat, and trunk fat in the high-protein diet group, supporting that the genetic effect became stronger in the longer-term intervention on these outcomes. In this trial, most participants regained body weight and waist circumference after 6 months [27] , and participants carrying distinct LCT genotypes showed different patterns of regional adiposity changes. Therefore, our results may help to predict maintenance of certain body fatness according to individuals' genomic makeup.
Our study has several strengths including long-term follow-up with detailed measurements of body composition and body fat distribution at multiple time points. The consistently significant results for different measurements of body composition and fat distribution strengthen our conclusions. Nonetheless, several limitations of this study should also be noted. We did not measure gut-microbiome abundance in this study, which limited our ability to explore potential underlying mechanisms. Further investigations with data on gut-microbiome abundance are warranted. Also, our study participants were only whites since the LCT variant rs4988235 has been demonstrated to be responsible for lactase persistence in Europeans [13] [14] [15] 17] , and our study had a small sample size for black participants to perform analysis among black participants. Whether our findings are generalizable to other ethnicities needs to be further investigated.
In conclusion, our data suggest long-term improvement of body composition and fat distribution was significantly influenced by the gut-microbiome-related LCT genotype and dietary protein intake. Overweight and obese individuals with the G allele of the LCT variant rs4988235 may benefit improving adiposity by eating a low-calorie, high-protein diet.
